Seabirds are sensitive indicators of changes in marine ecosystems and might integrate and/or amplify the effects of climate forcing on lower levels in food chains. Current knowledge on the impact of climate changes on penguins is primarily based on Antarctic birds identified by using flipper bands. Although flipper bands have helped to answer many questions about penguin biology, they were shown in some penguin species to have a detrimental effect. Here, we present for a Subantarctic species, king penguin (Aptenodytes patagonicus), reliable results on the effect of climate on survival and breeding based on unbanded birds but instead marked by subcutaneous electronic tags. We show that warm events negatively affect both breeding success and adult survival of this seabird. However, the observed effect is complex because it affects penguins at several spatio/temporal levels. Breeding reveals an immediate response to forcing during warm phases of El Niñ o Southern Oscillation affecting food availability close to the colony. Conversely, adult survival decreases with a remote seasurface temperature forcing (i.e., a 2-year lag warming taking place at the northern boundary of pack ice, their winter foraging place). We suggest that this time lag may be explained by the delay between the recruitment and abundance of their prey, adjusted to the particular 1-year breeding cycle of the king penguin. The derived population dynamic model suggests a 9% decline in adult survival for a 0.26°C warming. Our findings suggest that king penguin populations are at heavy extinction risk under the current global warming predictions.
climate changes ͉ seabirds ͉ time lag ͉ unbanded penguins P redicting the impact of future climate changes on populations and biodiversity is a central issue in the context of global climate warming. It is, thus, crucial to understand how and to what extent organisms are able to cope with climatic variations, especially in polar environments where the effect of climate change is the strongest (1) . Still, little is known about the effects of large-scale environmental perturbation on the productivity in the Circumpolar Austral Ocean (2) . Most studies are using single weather variables such as sea surface temperature (SST) although the use of ''weather packages'' (3)[e.g., Southern Oscillation index (SOI)] should be called for (4) . For instance, SST is commonly used as a proxy for food abundance and explanatory variable in studies of seabird population dynamic (5-7). Indeed, changes in SST in the Southern Ocean affect both marine productivity (8) and location of oceanographic structures used as feeding grounds (9, 10) by upper trophic-level predators, such as seabirds.
Here, we analyzed the effect of climate on subpolar seabird population by using a unique database on unbanded king penguins (Aptenodytes patagonicus) breeding at the Possession Island in the Crozet Archipelago marked by subcutaneous tags.
A major interest of studying king penguins is that their breeding cycle extends over 12 months (11) , which means that the birds are still breeding when marine resources are at their minimum and geographically more unpredictable. It is during such critical periods that even small environmental changes might have a serious impact on individual fitness components and ultimately at the population level. King penguins are moreover foraging both locally and remotely (12, 13) , in opposition to other Antarctic seabirds (5, 6, 14) , which gives a better coverage of the Southern Ocean and a shining example on how top predator populations hinging on this large ocean might be affected by global changes. In addition, the absence of flipper band in our study removes the now well documented cumulative detrimental effect on both Antarctic and Subantarctic penguins' breeding success (15) and survival (16) . The environmental conditions affecting the penguin in our study are representative of those affecting the whole population, because Ϸ2/3 of the world's king penguin population breed on Crozet Archipelago (17) . Hence, our long-term monitoring therefore provides a health state of this species.
To understand how stochasticity of the environment affects life-history strategies in populations, a simultaneous exploration of both patterns of variance in adult survival and breeding performances is necessary. According to life-history theory (18) , adult survival is the parameter that has the highest elasticity in long-lived species. It is therefore expected to be the life-history trait in which an effect of climatic variability should be least apparent (19) in contrast to breeding parameters. In the context of life-history trade-offs, assuming that long-lived seabirds are unwilling to jeopardize their survival, we predicted that warm events might negatively affect the demographic parameters of upper-level predators, through modifications of food-web processes.
Results
Our time series corresponds to 9 years of data, which enabled us to obtain 6 years of annual breeding success and 8 years of adult survival (see Materials and Methods). Our analyses integrate different explanatory variables [see supporting information (SI) Table 3 ]. As a large-scale climatic variation index, we used SOI. As a local climate index, we used area-averaged SST and chlorophyll-a concentration [Chla] calculated in the area centered on Crozet Archipelago (43-47°S, 46-56°E), which corresponds to the most productive area of the region. In addition, mean SSTs were calculated every two degrees of latitude in the far-southern sector (48 -60°S, 46 -56°E), encompassing the southernmost foraging range in the vicinity of the winter pack ice (12) . Most appropriate models, as found through Akaike's information criterion (AIC)-based model selection (Tables 1  and 2 and SI Table 4 ), show a negative effect of warming on both breeding success and survival.
Breeding Analyses. Independently of the timing of breeding, the best models (lowest AIC) predict that the breeding success of king penguin was negatively affected by low values of the annual mean SOI [or a warm phase of El Niño Southern Oscillation (ENSO)] in year t (Table 1) . A model with both covariates SOI and [Chla] was preferred for birds breeding early in the season (⌬AIC ϭ 32.38, Table 1 ). The chance of success in year t of early breeders was therefore positively related to the maximum [Chla] in the Crozet Archipelago sector in year t, whereas that of late breeders tended to be negatively affected by high SST (the The best climatic models are shown. The model with the highest value of evidence ratio indicates the best model indicated in bold. DEV, deviance; NP, number of estimated parameters; ER, evidence ratio, i.e., the ratio of the AIC weights (wi) of the current model and the best model, equivalent to model likelihood given the set of models (the AIC weight of the best model was w0 ϭ 0.231, any other wi can be found by multiplication of w0 with the model's evidence ratio); R 2 , variance explained; ⌬AICi, Difference in value between AIC of the most parsimonious model and the model in question. SST (annual or winter) stands for mean values calculated at different latitudes. Mini SST Cro stands for the lowest value of SST in the sector around Crozet (43-47°S, 46 -56°E). SSTCro at Chla bloom corresponds to the mean SST between October and December, and spring/summer SST Cro corresponds to the mean SST between September and April. SOI stands for the annual value of the Southern Oscillation Index. The year each variable was measured is indicated in subscript.
previous year) in the same area and by the Polar Front position in year t. Nevertheless, despite the fact that models with the additive effect of SST had the lowest AIC, they did not provide more information than the retained model with the single SOI effect (⌬AIC Ͻ2, Table 1 ).
Survival Analyses. The overall goodness-of-fit test showed that the general Cormack-Jolly-Seber (CJS) model [p t t ] satisfactorily fitted our data ( 2 2 ϭ 0.19, P ϭ 0.91) and was used as a starting point for model selection. We detected no sex influence on the survival probability (SI Table 4 ). Survival was particularly low in 1999 and 2003 (0.8535, 95% CI ϭ 0.8259-0.8774 and 0.8540, 95% CI ϭ 0.8266-0.8777, respectively). Among the covariates examined (see SI Table 3 ), annual mean SST 2 years earlier at the latitude 56°S (SST t Ϫ 2 annual/56°S) accounted for most yearly variations in survival (91.65%; Table 2 ). The constrained models integrating the annual SST at 54°S and 58°S, still with a time-lag of 2 years, were also supported by the data (⌬AICi Ͻ2; Table 2 ). Fewer king penguins survived when SSTs were higher two years earlier in the northern part of the marginal ice zone. The functional dependence between SST t Ϫ 2 and the adult survival probability from the best model is shown in Fig. 1 .
Discussion
Climate fluctuations have important ecological consequences and influence the population dynamics of long-lived organisms (4). Environmental variables are certainly acting mainly indirectly on reproductive performance and survival of upper-level predators, such as penguins, and might affect the foraging efficiency of individuals through their effect on lower levels of the food web (e.g., refs. 20 and 21). Primary productivity is related to the local environmental conditions (8), such as temperature, wind, rain, snow, and ocean currents, as well as interactions among these. The relationship we found between the breeding success and the SOI (Table 1 ) might be explained by the fact that a combination of weather features (3) encompassed in a global indice such as SOI might be integrated at the higher trophic level (5) . No time lag was found between annual breeding success and environmental parameters (Table 1) , certainly because chick food depends mainly on the availability of resources produced close to the colony during the year. During the summer, king penguins are feeding principally on mesopelagic myctophids (22) 
In contrast, the majority of the winter diet is based on demersal onychoteuthid squid and neritic myctophid fish of the shelf waters (24) . Myctophids and onychoteuthids feed on the meso-and macroplankton (25) whose fecundity and growth depend on phytoplankton production (26) and, hence, are sensitive to SST variation. Thus, the low breeding success observed in some years (Table 1 ) might result from the depletion of [Chla] (i.e., from a low phytoplankton production). The growth rate of zooplankton and larvae fishes is also known to be linked to a restricted thermal window, with an adverse effect of abnormally high SST (26) . During the summer, an increase of the foraging trip duration of the breeder to reach the PFZ linked to warm events (negative SOI values) might (i) jeopardize the survival of newly hatched chicks and (ii) directly affect the parent's capacity to recover proper fuel reserves after the incubation fast, and it may accordingly choose to abandon reproduction in favor of its own survival (27) . During the winter, king penguin's prey fish are found at a much greater depth in the PFZ than in summer (25) and are consequently unavailable for the birds which must therefore find an alternative resource. Accordingly, to feed their chick during winter, breeding penguins forage predominantly on small-and medium-sized juvenile squids spawned the previous spring (24) in the outer shelf, upper slope, and oceanic areas in the close vicinity of Crozet Islands (22) . Low [Chla] around Crozet Archipelago, concomitant with negative SOI, might impact the fecundity and the growth of the squids, hence reducing the winter chick provisioning. The cumulative effect of a more distant PFZ location from the colony during the summer may lead to high reproductive failures in that specific year.
We show that the survival of king penguins is reduced when SST was high in the marginal ice zone (MIZ) 2 years earlier ( Fig.  1 and Table 2 ). This reduction can be linked to prey populations at the northern boundary of pack ice. A poor sea ice cover the winter after a year with high SST might negatively affect in cascade each level of the food web (9, 28) . Indeed, during the winter, breeding birds leave the PFZ foraging area to spend a substantial proportion of their time at sea below the northern sea ice limit (13) (56-57°S, i.e., MIZ). King penguin diet in this area is still unknown, but a study suggests that they compensate for the limited access to myctophids in winter by shifting their diet to Euphausia superba Krill species (13), on which they might rely to replenish their body fuels in distant areas (22) such as the MIZ. Consequently, 1 year after a warm event, king penguins might increase their energy expenditure for foraging (12) because of the poor prey abundance (krill or myctophid species) in the MIZ at the detriment of their survival the following year. This second-year lag may actually be explained by the delayed effect of costs occurring during the reproductive season (29) adjusted to the particular 1-year breeding cycle of the king penguin. Contrary to life-history theory expectation for a longlived bird, breeding king penguins therefore seem to shunt efforts toward their offspring rather than for their own survival (see ref. 30) .
Altogether, our data analysis, which avoids the bias of flipper banding, demonstrates that high SSTs have a detrimental effect on breeding and/or survival of king penguins. Moreover, we also show that the effect of warming on these two fundamental demographic traits is related to two different oceanographic processes linked to two foraging areas. Breeding success is related, without time lag, to the proximate environmental conditions in the north of the PFZ (at the Polar Front during the summer and over the Crozet shelf during the winter), whereas adult survival is linked, with a 2-year lag, to the winter SST in the remote MIZ. Importantly, and according to life-history theory in long-lived species (18) , king penguin populations would not be sustained with a 9% drop in their adult survival such as that we 
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show for an increase of only 0.26°C in SST (Fig. 1) . Age might also be an important determinant of individual fitness and might have a potential impact on population growth rates (31, 32) . Old birds (33) and first-time breeders (Constraint hypothesis; refs. 34 and 35) might be more sensitive to climatic variation than prime-age adults, as is known, e.g., for large ungulates (see ref. 36) . Thus, at more long-term, our cohorts of 10-month-old chicks micro-tagged each year from 1998 will allow us to look at this age-related pattern of survival by analyzing these three groups separately. However, in line with the last Intergovernmental Panel on Climate Change (IPCC)-2007 estimation of a linear increasing trend of 0.74°C of global surface temperature during the last century and a further warming of Ϸ0.2°C per decade for the next two decades (37), the warming of the Southern Ocean certainly represents a major threat for penguins. Some other seabird communities in Antarctica might be affected by such a cascade of effects of Southern Ocean warming.
Materials and Methods
Species and Demographic Survey. The specificity of the king penguin is that birds do not succeed in carrying out all breeding activities (courtship, egg laying, incubation, and chick fledging) within the summer period. Moreover, birds are not synchronized in their egg-laying date, and the laying period extends over 4 months, i.e., from November to the beginning of March. Two peaks of laying are observed: a first peak of early breeders which corresponds to those birds that did not breed or have failed in their previous breeding season, and a second peak of late breeders corresponding to those birds that have succeeded in fledging a chick during the previous breeding season (11) . Such a unique breeding cycle appears to result from time-restricted access to resources, which fluctuate seasonally in abundance (22) . Then, the favorable summer season is too short for penguins to complete moulting and breeding and at the same time produce a chick with good prospects of survival (38) . Our study was conducted at the Possession Island (46°25ЈS, 51°45ЈE, ''La Grande Manchotiè re'' colony) on Crozet Archipelago. From the austral summer 1997/1998 to 1999/2000, 456 king penguins were fitted as breeding birds with electronic tags without any other external mark. Antennas are permanently buried on their usual pathways and connected to a computerized reading system (39) . The sequence of signals from the antennas reveals if a bird is entering or leaving the breeding site. This identification system does not require the bird's recapture or visual observation by a human and allows continuous automatic data collection (39) . Our analysis excluded animals that had not reached reproductive age. The breeding cycles and parameters of the birds were established by interpreting the movements of the birds between the breeding area and the sea (see ref. 11 for details). Individual laying date and breeding success were recorded each year. Sex specificity is a common source of variation in survival probability of some birds, and it was necessary to determine preliminarily whether we needed to incorporate this variable in our models. The sex of the birds was determined by analyzing the chronology of the sex-specific incubating shifts (27) . Table 3 summarizes the data used and gives the different periods and time lags considered for each environmental variable.
Oceanographic Context and Environmental Descriptors. SI
Monthly SOI, daily SST (°C), and weekly [Chla] (mg.m Ϫ3 ) were obtained from the Australian Bureau of Meteorology, the National Ocean and Atmospheric Administration, and from the sea-viewing wide-field sensor, respectively. First, we extracted the monthly SOI values from August 1991 to October 2005. SOI was used as a proxy of a remote forcing to the local SST. Negative SOI values indicate a warm phase of ENSO (40) , which are generally associated in our study area with warm SST anomalies (41) . Monthly averages of SST were calculated from July 1995 until January 2006 in an area centered on Crozet Archipelago, bounded by 43-47°S, 46 -56°E. This subsector corresponds to the yearly most productive subsector in the Crozet region, shallow shelves and weak currents acting as a retention zone (42) , SST in this area might therefore influence the primary productivity. Similar calculations were performed for [Chla] data in this same subsector from September 1997 (first data available in this region) to April 2006.
[Chla] is at the basis of food-web setting-up and thus might impact apex predators. Minimum SST, maximum SST, maximum [Chla] , and their associated time were determined. Lower SSTs in spring and summer (high photoperiod) in this area might favor phytoplankton bloom, yielding high [Chla] . Moreover, monthly SSTs were calculated from July 1995 until January 2006 at every two latitudes in the area south of Crozet bounded by 48 -60°S, 46 -56°E, encompassing the southernmost foraging range (12) . SST south of Crozet can influence the position of fronts, such as PFZ, and, consequently, the location of the trophic chain. Satellite tracking indicated that king penguins from this colony forage at the PFZ during summer in a sector comprising 48 -52°S. In contrast, they cross the northern limit of the light pack ice in winter to forage at farther southern latitudes of 56 -62°S (12).
Breeding Analyses. The breeding success data (range from 0 to 1, obtained from 1998/1999 to 2003/2004) for each individual were analyzed by using a maximum likelihood mixed regression approach (43) . Models fitted were linear ones with binomial distribution (i.e., generalized linear models with binomial distribution, using lme4 package for R 2.5.1 statistical program, ref. 44) . Fixed effects (environmental variables) and random effects (individual) significance were tested by computing the likelihood ratio statistics on parametric bootstrap generated data (1,000 times) (43) . We used ANOVAs to test the significance of adding explanatory variables and an information theoretic approach (45) to choose which of the environmental variables predicted a better breeding success. The most appropriate model was selected by using the AIC.
Adult Survival Analyses. Data were analyzed in a capture-mark-recapture framework. Using the M-SURGE computer program (46), we estimated survival probabilities of adults from November 1997 to April 2006 (k ϭ 9 occasions) by using the CJS models, which provide unbiased estimators of survival probabilities (47) . All adults detected in a given summer had been recorded the previous summer. We therefore considered that the probability of detecting a bird (breeding or nonbreeding) provided it remained alive was equal to 1 (see ref. 48 ). Consequently, the reliability of survival estimates should be high (47) , and this automatic identification system complies with the assumptions of the knownfate model. Winter survival was defined as the probability of survival from summer t (November of year t to May of year t ϩ 1) to summer t ϩ 1 (November of year t ϩ 1 to May of year t ϩ 2). We used the goodness-of-fit tests computed by program U-CARE (49) to check that our most general model fitted the data. Then, we used AIC to select the best model in terms of both parsimony (fewest model parameters) and adequate description of the data. Models with the lowest values of AIC were retained as good candidate models (47) . Because AIC values are interpretable only in terms of ''relative value,'' we relied on AIC weights (w) to select models when the difference between the AIC values of two models was lower than 2 (47) . We then modeled the yearly variations in adult survival as a function of covariates that might be relevant to the ecology of king penguins (SI Table 3 ). To assess the effects of these environmental variables, the amount of variations accounted for covariates, i.e., the direct estimation and quantification of the relative effects of environmental variability on survival (50), was calculated by using an analysis of deviance (R 2 ; ref. 45) , which is defined as [DEV(constant model) Ϫ DEV(covariate model))/(DEV(constant model) Ϫ DEV(time-dependent model)]. This corresponds to the proportion of explained variance and is comparable to a squared correlation coefficient.
